Abstract-The strong magnetic fields and limited space make it challenging to design the actuation for mechatronic systems intended to work in MRI environments. Hydraulic and pneumatic actuators can be made MRI-compatible and are promising solutions to drive robotic devices inside MRI environments. In this paper, two comparable haptic interface devices, one with hydrodynamic and another with pneumatic actuation, were developed to control one-degree-of-freedom translational movements of a user performing functional MRI (fMRI) tasks. The cylinders were made of MRI-compatible materials. Pressure sensors and control valves were placed far away from the end-effector in the scanner, connected via long transmission lines. It has been demonstrated that both manipulandum systems were MRI-compatible and yielded no artifacts to fMRI images in a 3-T scanner. Position and impedance controllers achieved passive as well as active subject movements. With the hydrodynamic system we have achieved smoother movements, higher position control accuracy, and improved robustness against force disturbances than with the pneumatic system. In contrast, the pneumatic system was back-drivable, showed faster dynamics with relatively low pressure, and allowed force control. Furthermore, it is easier to maintain and does not cause hygienic problems after leakages. In general, pneumatic actuation is more favorable for fast or force-controlled MRI-compatible applications, whereas hydrodynamic actuation is recommended for applications that require higher position accuracy, or slow and smooth movements.
tablished clinical diagnostic method. MRI-compatible mechatronic devices can be applied to assist in image-guided surgery [3] [4] [5] [6] [7] [8] [9] , to diagnose diseases [10] , etc. Functional MRI (fMRI) is an advanced research and clinical tool in neuroscience. An MRI-compatible robot could perform well-controlled and reproducible sensorimotor tasks, while the subject's motor interactions with the robot are recorded during the fMRI procedures and translated into brain images (Fig. 1) . Therefore, MRI-compatible robots can be applied with fMRI to map brain functions [11] , [12] , investigate human motor control [13] , [14] , monitor rehabilitation induced cortical reorganization in neurological patients [15] , etc. Such kind of fMRI robotic systems could provide insights into the cortical reorganization mechanism after damage to the central or peripheral nervous system, offer a better understanding of therapy-induced recovery, and eventually, help to derive more efficient rehabilitation strategies.
To construct MRI-compatible devices is rather challenging. First, the device must not disturb the scanner magnetic field and ensure image quality. Second, proper functionality of the device must be guaranteed when it is placed inside the MRI environment. During fMRI, the scanning sequences are more sensitive to magnetic field inhomogeneities than during anatomical MRI sequences, because fMRI measures the magnetic field inhomogeneities that are caused by changes of magnetic susceptibility of oxygenated and deoxygenated blood flow in the brain. Third, the device must be small and compact to fit into the limited space inside the MRI scanner bore. The bore diameter of most closed MRI scanners varies between only 55 and 70 cm [1] , [3] .
The strong magnetic field limits the choice of materials, sensors, and actuators to be used in the MRI environment. Traditional ferromagnetic materials are not allowed to be placed into the MRI environment as they can be attracted by the strong magnetic field, thus endangering patient, personnel, or the scanner system. Nonferromagnetic conductive metals can also be problematic when they move in the magnetic field or when the strength of the magnetic field changes, because eddy currents and local magnetic fields can be induced that interfere with the spatial encoding magnetic field of the scanner. Thus, for moving parts, the electrical conductivity of the material must be strictly limited. Stiff polymer materials are a good alternative for applications in the MRI environment. Sensors and actuators based on electrical recording or actuation principles should also be avoided because, first, the electrical information can be disturbed by the magnetic fields, and second, the electrical fields generated by the device may fluctuate and cause magnetic inductions disturbing the image quality. Electrical components may be brought into the MRI environment if their electrical signals are of low frequency and low amplitude, and if the components are placed at a certain distance from the scanner and/or they are shielded [13] , [14] , [16] . Sensors with optical recording principles have been widely employed to measure position [14] , [17] , force, and torque [14] , [18] , [19] .
Typical MRI-compatible actuation technologies are based on hydraulic or pneumatic principles, special electromagnetic principles, shape memory alloys, contractile polymers, piezoelectric actuation, materials with magnetostriction properties, or bowden cables [1] , [2] , [20] . A recent actuation principle has been realized by electrorheological fluids (ERFs) [14] . Among these working principles, fluidic actuations are promising solutions for MRI-compatible robots that are intended to perform defined functional movement tasks because of the following.
1) The fluids are magnetically inert in nature and the moving end-effector can be made MRI-compatible. 2) The power can be generated distantly from the endeffector and sent to the end-effector inside the MRI scanner via transmission hoses. 3) The actuators can provide large movement ranges and large forces. 4) The force-to-mass ratio is high. 5) The transmission can be made flexible so that they can be placed adaptively to the work environment [2] , [20] . In the literature, many efforts have been made for the application of pneumatic actuation technologies to MRI-compatible robotic systems [21] and devices [12] , [22] , [23] . Hydrostatic actuation was applied in master-slave setups in order to interact with human motion [17] or to position a forceps for surgery [8] . Reported problems were leakages that resulted in pollution of the laboratory, performance degeneration, and entrance of air bubbles. Furthermore, image deterioration occurred due to the high magnetic susceptibility of materials used for the systems [8] , [24] . For each degree of freedom, the hydrostatic system in a master-slave configuration needs a second cylinder and a motor to drive. A possible problem is that leakages between the chambers and to the external environment will change the system property after long time. In contrast, a hydrodynamic system driven by a pump has the advantages of long-time stability, and easier setup and maintenance.
Traditional hydrodynamic or pneumatic actuation techniques cannot be directly transferred to MRI-compatible applications.
The fluid power generators, i.e., hydraulic pumps or pneumatic compressors, consist of ferromagnetic materials. They must be placed outside of the scanner room for safety reason. Control valves are normally actuated by magnetically driven solenoids. Furthermore, valves and pressure sensors also contain ferromagnetic materials. Thus, they must be positioned far away from the scanner and the end-effector to avoid electromagnetic interferences causing malfunction and/or image artifacts. Therefore, long hoses have to be used to transmit the fluid power from the compressor to the control valves and then to the end-effector.
This arrangement results in several challenges for both construction and control. First, the end-effector must be made of MRI-compatible materials so that it can work close to or inside the MRI scanner bore. This can result in friction and stiffness problems at the fluidic cylinder, which is required to transfer fluidic pressure into force and motion. Second, valves and pressure sensors are distant from the end-effector, causing delay and measurement inaccuracies. Third, long hoses result in high inertia and compliance. Fourth, the system will interact with the user, so that the working pressure must be limited to ensure safety. Reduced pressure may also increase the compliance of the system. Finally, position and force sensors used inside the MRI scanner must be made MRI-compatible, which may reduce their signal quality. The mechatronic setup including sensor, actuator, and controller must be able to cope with these challenges and work in an accurate, stable, and robust way.
In this paper, two comparable haptic interface devices, one with hydrodynamic and another with pneumatic actuation, were developed and implemented to control a translational onedegree-of-freedom movement for fMRI studies. The interface devices are equipped with MRI-compatible position and force sensors. Position and impedance/admittance controllers were realized to achieve active as well as passive subject movements, which are both required to investigate different fMRI-relevant motion tasks. The two systems were evaluated and compared with respect to control performance. Furthermore, both manipulandum systems were examined for MRI-compatibility in a 3-T MRI scanner.
II. TECHNICAL CONCEPT AND IMPLEMENTATION OF THE MRI-COMPATIBLE MECHATRONIC SYSTEMS

A. Requirements and Concept
The required manipulandum has to be MRI-compatible. To be applicable for functional MRI tasks, it should cover a maximum movement range of 20 cm, maximum velocity of 10 cm/s, and a maximum force of 100 N. Furthermore, it should allow subject passive movements (guide the user's hand to follow a designed position) as well as subject active movements (simulate a virtual spring so that the subject can push or pull against the system). The linear movement range of 20 cm enables full range of wrist extension/flexion and about 40
• of elbow extension/flexion, assuming a lower arm length of 30 cm. The low velocity as well as smooth movement is required to avoid head motion, and thus, artifacts to brain images. Control performance will be compared with regard to the two modes "position control" and "impedance/admittance control." This device has one translational degree of freedom and is driven by a hydraulic or pneumatic cylinder to interact with the user's hand (Fig. 2) . Position, force, and pressure sensors send the respective information to the control computer. The fluidic power of the pressurized air or oil is generated out of the MRI scanner room, regulated by computer-controlled valves, and then sent to the cylinder via long transmission hoses.
B. Construction Materials
All the materials put inside or close to the MRI scanner must have low magnetic susceptibility and low electric conductivity. Therefore, polyethylene terephthalate (PET) and polyvinyl chloride (PVC) plastic were taken as the main construction material for frames and mechanical adapters. Nevertheless, metals have to be used for some parts required to be stiff, such as the cylinders that will work under high pressure and force. Both cylinders were specially designed and manufactured, with aluminum being the housing material. The moving piston of the pneumatic cylinder is made of PET, while that of the hydraulic cylinder is made of bronze to sustain the higher forces due to the significantly higher pressures. Both aluminum and bronze have low magnetic susceptibilities (20.7 × 10 −6 and − 0.879 × 10 −6 ), which are comparable with that of oxygenated and deoxygenated blood (about −9.0 × 10 −6 and − 7.9 × 10 −6 [25] ). Bronze was chosen for piston because its electrical conductivity (7.5 × 10
6 Ω −1 m −1 ) is small.
C. Force and Position Sensors, Signal Transmission
Both manipulandum systems comprise a force and a position sensor. The force sensor consists of a processing circuit and three optical glass fibers, one with emitting laser light and two with receiving laser light (Fig. 3) . The processing circuit, which is located outside the scanner room, generates the laser signal I 0 . This laser signal is sent to the hand bar by the emitting fiber, and picked up by the receiving fibers. Then, laser signals I 1 and I 2 are sent out of the MRI room via the receiving fibers, measured by the processing circuit, and read into the control computer. When a pulling or pushing force is applied to the hand bar, the emitting fiber is slightly displaced, thus changing the light intensities in the two receiving fibers. As a result, the force is detected by the change of the ratio of light intensities I 1 and I 2 .
An optical encoder, LIDA 279 by Heidenhain, works together with a resistive potentiometer, MTP-L 22 by Resenso, to mea- sure the hand bar position. The voltage on the potentiometer is 10 V dc and the resulting current is about 0.13 mA. A shielded cable connects the sensors with the processing circuit. Both the optical encoder and the resistive potentiometer (which works with low dc current only) are MRI-compatible [26] .
D. Hydrodynamic and Pneumatic Actuation, Power Transmission
The oil used in hydrodynamic actuation is Orcon Hyd 32, which is accepted as a lubricant with incidental food contact. Hence, it is appropriate for biomedical applications.
The supply oil pressure from the compressor is 15 or 25 bar. A directional valve regulates oil flow, and thus, controls the movement of the actuation cylinder (Fig. 4) . Two pressure sensors were mounted on the valve manifold. The bulk modulus of oil is rather large (Table I) , so it is nearly incompressible. The actuation system is not back-drivable, in the sense that the piston cannot be easily moved when the directional valve is powered off since it is closed. For pneumatic actuation, the supply air pressure is 5 bar, as in conventional applications. Both flow control and pressure control can be implemented. Flow control is appropriate for position regulation such as point-to-point movements, and it can be achieved by a directional flow valve in a similar structure as the hydrodynamic system (Fig. 4) . Pressure control is considered superior to flow control to overcome limitations of compressibility, friction, and external disturbances [20] . In our application, the manipulandum interacts with human subjects and the interaction force varies within a large range, so that we preferred pressure control. For each cylinder chamber, one valve regulates the pressure with the feedback from a pressure sensor (Fig. 5) .
The hydraulic and pneumatic transmission hoses between the control valves and the cylinders are 6 and 5 m long, respectively. The valves were located at the corner of the scanner room, far from the scanner isocenter. The scanner magnetic field decreases rather quickly with increasing distance from the scanner bore and comes to be only 0.2 mT at the valve location [27] . (For comparison, the magnetic field of the earth is about 0.03-0.06 mT.)
Cables for electronic signal transmission (position sensors, pressure sensors, and control valves), tubes for fluidic power transmission, as well as glass fibers for laser transmission, entered the scanner room through two tunnels in the wall. In the tunnel, the shielding layers of cables were connected to the shielding layer of the MRI room. Thus, noise in the control room is prevented from going to the imaging system. 
E. Control Software and Data Acquisition
The controllers were designed in MATLAB Simulink, and then, compiled to the control computer that runs an xPC target and communicates with the system by a data acquisition card (AD622, Humusoft). The sampling frequency was 1 kHz.
F. MRI-Compatibility Examination
The MRI-compatibility of the two mechatronic systems must be examined by fMRI scanning. The fMRI experiments were conducted in each of the following experimental conditions: 1) no device; 2) silent device: the haptic interface was in the scanner bore and not in operation; and 3) functioning device: the manipulandum was in the scanner bore and in operation. In conditions 2) and 3), valves and sensors were put far away from the scanner isocenter.
Two methods were taken to evaluate whether artifacts have been introduced into the fMRI images. The SNR quantitatively estimates whether additional noise has been introduced into fMRI procedures. Image noise comes from fluctuations in electrical currents. These currents generate fluctuating magnetic fields, which induce noise signals in the MRI recording coils. The SNR values were calculated according to the signalbackground method [28] SNR = 0.66 × mean signal average of noise region standard deviations .
For an acquired image, signal is given by the mean pixel value from a region of interest (ROI) within the phantom, while the noise is computed by the average standard deviation in four selected regions out of the phantom. The ROI covers about 75% of the phantom area. A second method is image subtraction. This is a qualitative method to check whether image shifts or deformations did occur.
III. CLOSED-LOOP CONTROL STRATEGIES
A. Hydrodynamic Controller Design
Hydraulic oil compressibility is characterized by the bulk modulus K. Changes of pressures P 1 and P 2 in the cylinder chambers can be written aṡ
Here, V 1 = V 10 + xA 1 and V 2 = V 20 + (L − x)A 2 are the total fluid volumes on two sides of the cylinder, L is the stroke of the cylinder, x is the position of the piston, V 10 and V 20 are the dead volumes, A 1 and A 2 are the cross sections of cylinder chambers, and q 1 and q 2 are oil flows that are dependent on the chamber oil pressure, supply oil pressure, or reservoir oil pressure, and also on the control signal u [29] .
According to (1), the velocity of the piston iṡ
First, we consider the steady situation. Pressure changes and dead volume variations are ignored. In this case, P 1 ,Ṗ 2 andV 10 ,V 20 all are equal to zero. Thus, the velocity of the piston is fully determined by the oil flows q 1 and q 2
When the piston moves at a constant speed, the pressures P 1 and P 2 are constants too. Thus, the oil flows q 1 and q 2 only depend on the proportional valve. As a result, the control voltage of the proportional valve regulates the velocity of the piston, which can be modeled by a lookup table (Figs. 6 and 7) .
A velocity control scheme was designed to deal with model errors, external disturbances, cylinder pressure variations, and compliance from the hydrodynamic system. This scheme consists of a compliance compensation component and a proportional velocity controller (Figs. 6 and 7) .
In the hydraulic system, compliance comes from pressure variationsṖ 1 ,Ṗ 2 , long hose volumes V 10 , V 20 , and their variationsV 10 ,V 20 . It can significantly affect the system performance. The dead volumes are the transmission hose volumes V 10 = V 20 = L t A t . When the hydraulic system works at 15 bar supply pressure, the velocity range is [−11, 19] cm/s (Table I) . 
P 1 can rise up to 124 bar/s, which results in
These terms are relatively large in the working velocity range and cannot be neglected. It can also be seen that the long hoses are the main source of high compliance. Additionally, we have observed by visual inspection that the hose volumes also change as the inside pressures change, but cannot detect that quantitatively. We design the compliance compensation component aṡ
Besides compliance, cylinder pressure variations, model errors, external disturbances as well as uncompensated compliance components −(1/A 1 )V 10 , (1/A 2 )V 20 , also deteriorate the control performance. The proportional controller handles these problems and makes the whole system robust. The coefficient was experimentally adjusted to be 0.12 V/(cm/s). The user force F h affects pressures P 1 and P 2 , and causes a shift in the voltage-velocity lookup table. This shift can be corrected by the velocity controller. A proportional-derivative (PD) position controller was designed to work in cascade with the velocity controller to guide the user's hand and track the given position trajectory (Fig. 6) .
It is not possible to realize impedance control on the hydrodynamic system because it is not naturally back-drivable due to the incompressibility of oil. However, the virtual spring for user active movements can be simulated by the following admittance control law (Fig. 7 ):
Since the manipulandum moves in a low-speed range, we can set K υ to be a small value such that the viscous term K υẋ is relatively insignificant in the admittance relationship. Then, . Impedance controller for the pneumatic system. The virtual spring can be achieved by setting the virtual impedance to be
and the hydrodynamic system behaves like a virtual spring with stiffness K x . Here, K v was experimentally defined to be 1 N/(cm/s), and K x can vary from 1 to 10 N/cm. If K x was set to be very small to simulate a soft spring, the term K x (x − x 0 ) goes close to K υẋ , and the viscous effect becomes obvious.
B. Pneumatic Controller Design
Since the pressure sensor measures the cylinder pressure relative to the environmental pressure, we also use relative pressure. The force exerted by the pneumatic cylinder is
Here, we regulate the pressures P 1 and P 2 in two cylinder chambers by two independent valves (Fig. 5) , and thus, regulate the force produced by the cylinder.
Given the desired force F d , the desired pressures P 1d and P 2d are calculated. If
and if
where we set P 10 = P 20 = 1 bar. A first-order controller was designed for pressure control
The pressure control loop is the innermost loop of the pneumatic system for both position and impedance control. We close the force-control loop for force and impedance control, and then close the position loop for position control (Fig. 9) .
A position controller with friction compensation worked in cascade with the force-pressure regulator to obtain user passive movement. Due to manufacture and material properties, the friction depends not only on velocity, but also on position. The friction was modeled by a 2-D lookup table of the reference position signal, and then compensated by a force-pressure control. The user force was measured by the optical force sensor and got corrected afterwards. The position controller is also of PD form.
Both admittance control and impedance control can be implemented on the pneumatic system [30] , [31] for virtual spring simulation. Admittance control requires a good position/velocity controller that is robust against force disturbances, like the velocity controller in our hydrodynamic system. Here the position controller depends on the nested force-pressure regulator and suffers from the long distance between the valves, pressure sensors, and the cylinder. Thus, the admittance control is not the optimal option. On the other hand, pneumatic systems are natural impedances due to the compressibility of air, and impedance control can be realized directly by pressure regulation.
The impedance control law is quite straightforward
It calculates the desired force from the measured position and the specified stiffness, and then, feed this signal to forcepressure regulation to achieve the desired force (Fig. 9) .
IV. RESULTS AND DISCUSSION
A. Hydrodynamic System Control Performance
To analyze the influence of working pressure on the dynamic performance, we tested the hydrodynamic system at two supply pressures of 15 and 25 bar, respectively. Here, 15 bar is the minimal working pressure for the hydrodynamic system to fulfill the defined velocity requirement, while 25 bar is the limit pressure for the hydrodynamic system to work safely.
The position control performance was first examined for step responses (Fig. 10) . The reference step curve jumped twice from 5 to 15 cm and back, and then jumped twice from 5 to 10 cm and back. When the hydrodynamic system worked at 15 bar, the steady position error was smaller than 0.06 cm, overshoot was smaller than 0.02 cm, and rise time was about 3.14 s. When the system worked at 25 bar, the steady position error was still smaller than 0.06 cm, but the overshoot went up to 0.27 cm and the rise time decreased to 0.86 s.
We then checked the position-controlled hydrodynamic system for dynamic tracking performance. A so-called chirp signal from MATLAB Simulink was taken as the reference trajectory. The signal was of sinusoidal shape, fixed amplitude of 10 cm, and offset of 12 cm. The frequency of this signal linearly increased from 0 to 1 Hz as time went from 0 to 100 s. The actual position curve was recorded and compared with the reference "chirp" signal for bandwidth information (Fig. 11) . The position bandwidth for the given signal was 0.48 Hz when the hydrodynamic system worked at 15 bar, and went up dramatically to 0.65 Hz for the working pressure of 25 bar. User active movements were achieved by the simulated virtual spring. Fig. 12 shows an example spring of stiffness 5 N/cm when the hydrodynamic system worked at 15 and 25 bar of supply pressure. The actual force F is the user force measured by the optical force sensor. This force drives the hand bar from the equilibrium position x 0 to a certain position x. For an ideal spring, there will be a reaction force K x (x − x 0 ), which was denoted as the virtual force in the plot. If the hydrodynamic system simulates the virtual spring, there should be F = K x (x − x 0 ), and two curves coincide. It can be seen from the plot that the virtual force curve coincided quite well with the actual force curve at 25 bar working pressure, and was slightly postponed at 15 bar working pressure. When the spring constant is small to simulate a soft spring or the device moves fast, the neglected viscous term becomes significant and blurs the spring feeling. This resulted from the admittance control law we used.
B. Pneumatic System Control Performance
We used exactly the same procedures to analyze the controlled performance of the pneumatic system as we did with the hydrodynamic system. According to the step responses (Fig. 10) , the steady position error was smaller than 0.25 cm, overshoot smaller than 0.01 cm, and the rise time was about 0.86 s. The position bandwidth for the given "chirp" signal was around 0.9 Hz higher than the bandwidth of the hydrodynamic system working at 15 bar or 25 bar.
An example of the simulated spring was shown in Fig. 13 . The spring constant was also 5 N/cm. The hand bar was driven away from the equilibrium position x 0 to a certain position x by the user. Similarly as in the previous section, an ideal spring reaction force is −K x (x − x 0 ), which was again denoted as the virtual force in the plot. The cylinder tried to produce this force and actually generated the force F . It can be seen that the actual force closely followed the desired virtual.
C. MRI-Compatibility Evaluation
Both mechatronic systems were tested for MRI compatibility in a 3.0-T MRI system (Philips Medical Systems, Eindhoven, The Netherlands) equipped with an eight-channel sensitivity encoding (SENSE) (tm) head coil. For the functional acquisitions, a T2 * -weighted, single-shot, field echo, echo-planar imaging (EPI) sequence of the whole brain (repetition time TR = 3000 ms, echo time TE = 40 ms, flip angle = 82%, field of view (FOV) = 220 mm × 220 mm, acquisition matrix = 128 × 128, in-plane resolution = 1.7 × 1.7 mm, thickness = 3 mm, no gap) with a SENSE factor of 2 was applied to collect signals from 39 contiguous slices. Both devices were placed completely inside the scanner bore, but not in the imaging region (Fig. 14) . The imaging object is a mineral oil phantom. For every slice of the phantom, 20 fMRI images were acquired in each of the three experimental conditions. Table II summarizes the SNR values measured at slice 6 of the phantom for both hydrodynamic and pneumatic fMRI tests. It is shown that high SNR values were obtained in all fMRI experiments. Introduction of the hydrodynamic and pneumatic devices into the MRI environment did not increase the noise level, demonstrating that the construction materials used in the two systems are MRI-compatible. Slight SNR decrease happens to both hydrodynamic and pneumatic systems when they move. As a part of the system, the potentiometer was also proved to be MRI-compatible.
Three example images acquired by the phantom during the hydrodynamic test were presented in Fig. 15 . We took the image obtained when no device was in the scanner as the control image, Fig. 15 . Phantom scan example images. The left image was obtained when there was no device in the scanner room and used as the control image. The two images at the top of the middle and right columns were obtained from the same location of the phantom as the control image, but in the "silent device" and "functioning device" conditions, respectively. These two images were subtracted by the control image and resulted the two "empty" images below them. No deformations or shifts were observed. and subtracted this image from the images of the other two experimental conditions. No deformation, shift, or dark spots were observed. Under the "functioning device" condition, the devices worked in position control mode, without load. The obtained results were closely similar to the test results obtained in normal environments. Thus, the devices are not affected by the scanner and are compatible with fMRI scanning.
D. Comparison of the Hydrodynamic and Pneumatic Systems
We summarize the characteristics of hydrodynamic and pneumatic actuation in Table III. The design requirements have been fulfilled by both the hydrodynamic system and the pneumatic system with different working pressures. With the hydrodynamic system, we were able to achieve smoother movements, higher position control accuracy, and improved robustness against force disturbances than with the pneumatic system. In contrast, the pneumatic system is back-drivable and shows better and faster force control performance. Furthermore, it is easier to maintain and has no serious consequences by leakages. In general, pneumatic actuation is more favorable for fast or force-controlled MRI-compatible applications, whereas hydrodynamic actuation can be recommended for applications that require higher position accuracy and slow and smooth movements.
The position bandwidth results shown in Fig. 11 were obtained in no-load conditions, and they may change when a subject is holding the device.
V. CONCLUSION
We have developed two closed-loop MRI-compatible manipulandum interfaces with fluidic actuation and force as well as position measurement. Both hydrodynamic and pneumatic actuation systems provided satisfactory control performances for defined passive and active fMRI tasks, despite the existing limiting factors such as material choice, long distance between cylinders and valves/pressure sensors, long transmission, and the use of second-quality MRI-compatible components. Explicit description and comparison of the controlled hydrodynamic and pneumatic systems were given. This study has resulted in a functional system, which can be the basis for developing different MRI-compatible devices to be used in future fMRI/MRI applications, and can help potential development of devices for specific applications. Due to the different physical properties of oil and air, the performances of hydrodynamic and pneumatic actuation systems differ from each other. The user has to decide which system better fits the specific applications.
